Introduction
Halogen bonds are non-covalent interactions that form between a polarisable halogen atom as a bond donor (typically Br or I) and an electron rich atom as a bond acceptor. [1] [2] [3] Similarly to hydrogen bonds, they can be highly directional, and their formation and strength can be modulated by varying the periphery of the molecule to which the halogen atom is bonded. The stability of halogen bonds generally increases with increasing Lewis basicity of the halogen bond acceptor, and increasing Lewis acidity of the donor. [4] [5] [6] For example, a recent study comparing the halogen-or hydrogen-bonded cocrystals of succinimide and different N-halosuccinimides with an identical set of Lewis bases as hydrogen-or halogen-bond acceptors revealed that in a set of structurally equivalent systems -i.e. cocrystals differing only in the nature of the contact atom between cocrystal-forming components, the halogen bonds based on iodine atoms led to supramolecular interactions more stable than hydrogen bonds. 7 Throughout the last decade, halogen bonds have become highly popular for constructing supramolecular architectures, and crystal engineering of molecular solids and functional materials. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] As a part of our general research program on halogen bonding in the solid state, and in particular aspects of halogen bond donor or acceptor structure that lead to the formation of isostructural materials, [26] [27] [28] we now describe the formation and bench stability of halogen-bonded cocrystals of octafluoro-1,4-diiodobutane (ofib) halogen bond donor, with acridine (acr) and phenazine (phen) as acceptors ( Figure 1a ). Our interest in halogen-bonding properties of phen and acr is based on their polyaromatic heterocyclic structure 29 which provides a simple entry into halogen bond acceptors that are sterically and electronically different from the much more investigated pyridine-or azole-based acceptors. [30] [31] [32] [33] [34] [35] [36] [37] [38] Furthermore, the similarity of molecular structures of acr and phen offers an excellent opportunity to investigate the effect of exchanging aromatic C-H and N functionalities on molecular self-assembly in the solid state, and in particular on the formation of isostructural solids. 26, 27, 39, 40 Both acr and phen are weak bases, with respective pKa values of 5.58 and 1.23, 28, 41, 42 and have been used extensively as components of hydrogen-bonded salts and cocrystals. 43, 44 However, both molecules have been much less explored as components of halogen-bonded cocrystals. A Cambridge Structural Database (CSD) 45 survey reveals a total of 143 multi-component crystal structures, either salts or cocrystals, containing acr and 201 containing phen. Among these, hydrogen-bonded or protonated acr molecules are found in a total of 77 and 22 structures, respectively. Corresponding numbers for phen are 115 and 14, respectively, with the latter value including both singly and doubly protonated phen. In contrast, only 15 structures of halogen-bonded cocrystals of either phen or acr have been reported so far, exclusively with structurally rigid olefinic or aromatic halogen bond donors containing bromine or iodine atoms. So far, no study has addressed formation of acr or phen cocrystals with aliphatic, structurally flexible halogen-bond donors. At the same time, formation of halogenbonded cocrystals was explored by the Aakeröy group as a means to obtain thermally stable materials involving volatile components such as ofib and related halogen bond donors. 46 We now describe the synthesis, from solution and by mechanochemistry, 47, 48 crystal structures and bench stability of cocrystals (acr)2(ofib), (phen)2(ofib) and (phen)(ofib). While the herein described cocrystals are the first examples of acridine or phenazine combined with an aliphatic halogen bond donor, the extensive evaluation of their bench stability also provides further insight into halogen bond-driven cocrystallization as a route to stabilize volatile compounds in the solid state. 46, 49 Importantly, whereas crystal engineering by cocrystal formation is often focused on structural analysis and development of increasingly efficient designs and routes for cocrystal synthesis, factors determining the overall stability of cocrystals still remain poorly understood. This is surprising, as understanding and manipulating cocrystal stability is central to development of pharmaceutically-relevant materials with improved solubility, and in the design of materials for capture of volatile compound. The first systematic investigation of thermodynamic driving forces behind cocrystal formation was only recently reported by the Day group using periodic DFT calculations. 50 Consequently, we recognized the herein reported cocrystals as suitable models for a multi-faceted experimental and theoretical study of stability of cocrystals involving a volatile component, and in particular of the differences in stability of stoichiometric variations, i.e. cocrystals based on identical building blocks, but in different stoichiometric ratios. X-ray single crystal diffraction. Details of single crystal X-ray diffraction data collection and crystal structure refinement are listed in Table 1 . The single crystal diffraction data for (phen)2(ofib) were collected at 150 K and data for (acr)2(ofib) at 295 K. Diffraction measurements were made on an Oxford Diffraction Xcalibur Kappa CCD X-ray diffractometer using graphitemonochromated MoKa (l = 0.71073Å) radiation. The data sets were collected using w-scan mode with 2q up to 54°. Programs CrysAlis CCD and CrysAlis RED were employed for data collection, cell refinement, and data reduction. 52 Single crystal X-ray diffraction data for (phen)(ofib) were collected both at 100K and 253K on a Bruker D8 Venture dual-source diffractometer equipped with a PHOTON II detector and an
Experimental
Oxford Cryostream 800 cooling system, using mirror-monochromatized MoKα radiation (λ = 0.71073 Å) from a microfocus source, Data were collected in a series of φ-and w-scans. APEX3
software was used for data collection, integration and reduction. 53 Semi-empirical (for datal collected at 100K) or numerical (data collected at 253K) absorption corrections were applied using SADABS-2016/2. 54 The structures were solved by direct or dual space iterative methods respectively using SHELXS 55 or SHELXT 56 and refined by full-matrix least-squares on F 2 using all data with SHELXL 57 within the OLEX2 58 and/or WinGX 59 environment. Hydrogen atoms were placed in calculated positions and treated as riding on the parent carbon atoms with Uiso(H) = 1.2
Ueq(C).
Crystal structures figures were generated using MercuryCSD. 60 CCDC deposition numbers 1811939-1811942 contains crystallographic data for this paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html or from the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK. Final R for data with I > 2σ(I) Real-time powder X-ray diffraction experiments and Rietveld analysis. For in situ stability studies, 62, 63 experiments were performed on a Proto AXRD X-ray diffractometer, using a 600 W CuKα (l=1.54184 Å) radiation source and a Dectris MYTHEN 1K one-dimensional linear detector, in the 2q range of 4-40°, step size of 0.02° and a measuring time of 2 seconds per step.
The temperature inside the sample chamber was measured with a thermocouple sensor and was determined to be 25 °C ± 2 °C. Consecutive PXRD patterns were recorded in 7 minute intervals.
Collected results were processed using an in-house designed MathLab script, and Rietveld 64 quantitative phase analysis of real-time PXRD data was performed using the program TOPAS Academic 6. The series of PXRD scans were refined sequentially, refinable parameters included zero-point error, coefficients of Chebyshev polynomial to model background, peak shape parameters (pseudo-Voigt curve) and scale factors for the crystalline phases present in the reaction mixtures. The resulting weight fractions were converted into molar fractions which were used for plotting the kinetic curves.
Infrared spectroscopy. Fourier-transform infrared attenuated total reflectance (FTIR-ATR) measurements were performed on a Bruker VERTEX 70 instrument equipped with a single reflection diamond crystal PLATINUM ATR unit. Infrared spectra for all materials are shown in
Supplementary Information, figures S7-S11.
Computational procedures. The energies of (phen)2(ofib), (phen)(ofib), (acr)2(ofib) as well as phen (α and β polymorphs) and acr (polymorphs III and VII) crystal structures were calculated with periodic DFT code CASTEP. 65 Crystal structures were geometry-optimized with respect to atom coordinates and unit cell dimensions, subject to the space group symmetry constraints.
Calculations were performed using PBE functional and the van der Waals interactions were described with Grimme D2 dispersion correction. [66] [67] [68] [69] The basis set of plane waves was truncated at 750 eV and norm-conserving OPIUM pseudopotentials 70 were used to simplify the Coulomb potential in the vicinity of atom nuclei. The Brillouin zone was sampled using a Monkhorst-Pack In addition to the crystal structures we have approximated the gas-phase energy of ofib by placing an ofib molecule within a cubic cell and performing geometry optimization, whilst keeping the cell dimensions fixed. The Gamma k-point was used to sample the Brillouin zone. Convergence with respect to unit cell size was performed and energies were calculated for cell edges of 20 Å, 25 Å and 30 Å length. It was found that 30x30x30 Å 3 is sufficiently large for the total energy to converge within 10 -5 eV/atom.
Results and Discussion
Cocrystallization of phen and acr with ofib was explored through mechanochemical liquidassisted grinding (LAG), [72] [73] [74] The formation of cocrystals (acr)2(ofib), (phen)2(ofib) and (phen)(ofib) was confirmed by screening for cocrystal formation from solution, which also produced diffraction-quality single crystals for each of the cocrystals, enabling crystal structure determination by X-ray crystallography (Table 1) . Importantly, the PXRD patterns for solution-grown samples of Crystal structure analysis of (phen)2(ofib) reveals the formation of three-component halogenbonded assemblies, resembling those in (acr)2(ofib) (Figure 2c ). The assemblies, held by I···N halogen bonds of 2.914(2) Å (17.5% shorter than the expected sum of van der Waals radii of iodine and nitrogen, RXB of 0.825) adopt a step-like geometry in which the phen molecules form parallel planes separated by 7.21 Å (Figure 2d ). The significantly larger size of the step defined by the halogen bond acceptors in the assemblies of (phen)2(ofib), compared to those of The most significant difference between the crystal structures of (acr)2(ofib) and (phen)2(ofib)
arises from the formation of intermolecular C-H···N hydrogen bonds between neighboring assemblies of (phen)2(ofib). In particular, phen molecules from nearest-neighbor assemblies connect through pairs of C-H···N bonds of 3.584(3) Å length, forming R2 2 (8) supramolecular ring motifs. As a result, the structure of (phen)2(ofib) may be best described as composed of onedimensional chains held by alternating sets of I···N halogen bonds and C-H···N hydrogen-bonded ring motifs.
The composition and structure of (phen)2(ofib) is consistent with almost all previously reported structures of halogen-bonded cocrystals of phen, which reveal only one nitrogen atom of the heterocycle participating in halogen bond formation, with the other involved in the formation of C-H···N hydrogen-bonded R2 2 (8) dimers observed in (phen)2(ofib). In principle, each molecule of phen could also act as a ditopic halogen bond acceptor, with both nitrogen atoms involved in halogen bonding. This is demonstrated in the crystal structure of (phen)(ofib), which is a stoichiometric variation 77,78 of (phen)2(ofib), containing the two cocrystal components in a 1:1 stoichiometric ratio. The structure of (phen)(ofib) consists of supramolecular chains of alternating ofib and phen molecules held together by I···N halogen bonds of 3.065(2) Å, which is 13.1% shorter compared to the sum of van der Waals radii ( Figure 2e ) and corresponds to RXB of 0.868. The mutual orientation of ofib and phen molecules in each chain of (phen)(ofib) is significantly different than seen in the assemblies of (phen)2(ofib), as the long axis of ofib molecules is now aligned with the direction of chain propagation, resulting in an almost coplanar parallel alignment of halogen bond acceptor molecules, demonstrated by a separation of less than 0.25 Å between the planes defined by nearest-neighbor phen molecules in a chain. The neighboring halogen-bonded chains in (phen)(ofib) stack in parallel, resulting in a layered structure consisting of segregated aromatic hydrocarbon and aliphatic perfluorocarbon molecules. Based on our CSD survey, the structure of (phen)(ofib) is the second so far reported halogen-bonded cocrystal in which the phen molecule employs both nitrogen atoms for halogen bond formation.
The bench stability of all prepared cocrystals was evaluated by thermogravimetric analysis (TGA) and real-time observation of the materials by PXRD over several hours. Specifically, TGA demonstrated that a sample of (acr)2(ofib) loses weight in two distinct steps ( Figure S4 ). Consequently. thermal decomposition of (acr)2(ofib) proceeds in a single step, described by
The differential thermal analysis (DTA) for (acr)2(ofib) reveals that the first weight loss step coincides with two overlapping endothermic events, potentially indicating cocrystal melting taking place along with decomposition ( Figure S4 ).
Similar behavior is also observed for (phen)2(ofib), for which TGA also reveals two decomposition steps ( Figure S5 ). However, the first step now takes place at a lower temperature (below 100 o C) and corresponds to the loss of 50.3% of the initial sample weight, which is reasonably close to the calculated ofib content of 55.8%. The second step, which takes place between ca. 150 o C and 250 o C, again leads to complete loss of sample weight, which is consistent with evaporative loss of residual phen. While differential scanning calorimetry (DSC, Figure S5 ) shows that each weight loss step in TGA thermogram of (phen)2(ofib) is associated with broad endothermic events, an additional sharp endothermic signal at ca. Combined TGA and DSC analysis of (phen)(ofib) reveals that the complete loss of ofib, as indicated by the reduction of sample weight by 70.8% (which compares well to 71.6% calculated for ofib content in the (phen)(ofib) composition), takes place through two closely spaced steps below 100 o C ( Figure S6 ). The steps, which are difficult to resolve using TGA but are more clearly distinguished in the DSC thermogram, could tentatively be associated with a two-step process involving loss of ofib, first to form (phen)2(ofib):
(phen)(ofib)(s) ® (phen)2(ofib)(s) + ofib(g) (Equation 3)
followed by further loss of ofib from (phen)2(ofib) to form solid phen, according to Equation 2.
The DSC thermogram also reveals a sharp endothermic event at around 178 o C, which is consistent with melting of the residual solid phen. This signal overlaps with a broader endothermic event that is interpreted as complete evaporation of residual phen between ca.
150 o C and 250 o C.
Real-time PXRD monitoring of cocrystal dissociation
Differences in stability of the prepared cocrystals were also examined by real-time PXRD monitoring of the three materials upon standing in open air. Direct observation of a sample of (acr)2(ofib) revealed slow decomposition leading to the concomitant formation of acridine polymorphs III (CCDC code ACRDIN07) and VII (CCDC code ACRDIN06), consistent with the process that was described by Equation 1 (Figure 3a ). Rietveld analysis of the PXRD data revealed that the material after ca. 2.5 hours still contains a substantial amount (~50 mol%) of (acr)2(ofib) (Figure 3b ). In contrast, the cocrystal (phen)2(ofib) decomposed into α-phenazine (CCDC code PHENAZ04) and traces of its β-polymorph (CCDC code PHENAZ11), following the reaction of Equation 2, much more rapidly: decomposition to reach a similar content of residual (phen)2(ofib) took place within ~30 minutes, and cocrystal phase has completely disappeared within ~3.5 hours (Figures 3c,d ). The cocrystal (phen)(ofib) exhibited the poorest stability of all herein investigated phases (Figure 3e ). During sample preparation, it already partially decomposed into solid α-phenazine, as indicated by Rietveld analysis of the first collected PXRD pattern, and the content of cocrystal phase fell below 50 mol% within ~10 minutes (Figure 3f ). The cocrystal phase has almost completely disappeared within 90 minutes.
Real-time monitoring reveals that the degradation of (phen)(ofib) simultaneously generates solid phenazine and solid (phen)2(ofib), indicating that partial decomposition described by reaction Equation 3 , proceeds in parallel with a direct decomposition pathway described by the Equation 4:
The final product of decomposition is solid α-phenazine, indicating that any (phen)2(ofib)
formed also decomposes, following the process of Equation 2. Indeed, the time-resolved PXRD measurements reveal that the rate of formation of solid phenazine slows down in the period between ca. 80 and 180 minutes since the beginning of the measurement (Figure 3f ). After this, the rate of solid phenazine formation again increases, leading to complete conversion. The reduction in the rate of formation of phen coincides well with the appearance of (phen)2(ofib), indicating that it is related to complete disappearance of more reactive (phen)(ofib) by pathways described by Equations 3 and 4. The subsequent increase in the rate of formation of phenazine is coincident with disappearance of (phen)2(ofib), indicating it is associated with the degradation of that cocrystal phase following Equation 2. The time difference between consecutive scans in images (a), (c) and (e) is 7 minutes.
The cocrystals of acr and phen exhibit significant differences in stability, with the stability of the (phen)(ofib) cocrystal, in which each of the phen molecules is held by two halogen bonds, being particularly low. Consequently, we attempted to explore the enthalpic stability of the prepared phases through dispersion-corrected periodic density functional theory (DFT)
calculations, performed using CASTEP, 32, 65, 50, [79] [80] [81] by evaluating the enthalpy changes associated with chemical reactions of Equations 1-4. The calculated enthalpies for the transformations of phen and acr cocrystals are summarized in Table 2 . The enthalpy for the decomposition of (acr)2(ofib) described by represents the direct, complete dissociation of (phen)(ofib) into solid α-phenazine and one equivalent of ofib gas, is calculated to be endothermic by +93.20 kJ mol -1 . An analogous reaction to produce solid β-phenazine has a calculated enthalpy of +94.47 kJ mol -1 , indicating that thermodynamically more stable polymorph is the dominant product of the decomposition.
Overall, the decomposition reaction of the acr cocrystal is calculated to be more endothermic than those of (phen)2(ofib) and (phen)(ofib), which is indeed consistent with the slower rate of decomposition of (acr)2(ofib) compared to the two phenazine cocrystals. Specifically, the calculated ordering of the stabilities of cocrystals towards decomposition into solid acr or phen is (acr)2(ofib) > (phen)2(ofib) > (phen)(ofib), which is in qualitative agreement with the observed stability of the cocrystals in air. This sequence of stability is also in qualitative agreement with the decreasing basicity of halogen bond acceptor, which can be estimated by differences in pKa values for acridine (pKa=5.58), phenazine (pKa=1.21) and protonated phenazine (pKa=-4.30). 82 However, the accuracy of the absolute enthalpies obtained from DFT calculations cannot yet be evaluated in the absence of dedicated calorimetric measurements. In that context, it is important to note that the endothermic nature of reactions described by Equations 2 and 4, i.e.
direct decomposition of (phen)2(ofib) and (phen)(ofib) cocrystals into solid phenazine and ofib gas, is also evident from thermal analysis. The enthalpy of ofib loss can be estimated by integrating the first endothermic event in the DSC thermogram of (phen)2(ofib), leading to a value of +60.3 kJ mol -1 . Similarly, integration of the first two closely spaced endothermic events for (phen)(ofib) gives a value of +61.7 kJ mol -1 for complete loss of ofib. While such a calculation is not possible for (acr)2(ofib), as cocrystal decomposition might be overlapping with cocrystal melting, the decomposition for this cocrystal takes place at a higher temperature, further confirming its higher stability compared to cocrystals of phen.
As all three observed pathways for the degradation of phenazine cocrystals are expected to be highly endothermic, we believe that these reactions are most likely driven by the entropic effect of losing a gaseous component. While DFT calculations of reaction enthalpies indicate that the (phen)(ofib) cocrystal should be less stable than its stoichiometric variation (phen)2(ofib), the difference in stabilities might be additionally exacerbated by differences in crystal structures.
Specifically, the analysis of the crystal structure of (phen)(ofib) reveals a layered structure in which the loss of ofib molecules could tentatively happen along a number of directions in the abcrystallographic plane (Figures 4a,b) . In contrast, the crystal structure of (phen)2(ofib) consists of columns of ofib molecules that are parallel to the crystallographic a-axis and are completely surrounded by phen molecules, providing significantly less opportunity for ofib loss and cocrystal degradation (Figure 4c ). structure-related factors, and highlights the still poorly understood observation that changing the stoichiometric composition of a cocrystal can lead to materials with improved stability. [83] [84] [85] [86] As theoretical and experimental studies of cocrystal stability remain very rare, especially in the context of halogen-bonded materials, we believe that the herein demonstrated qualitative agreement between experimental and theoretical assessments of cocrystal stability is of particular importance for understanding and, ultimately, designing cocrystal solids with desired stability.
With that in mind, we are currently using experimental and theoretical techniques to evaluate differences in stability of other halogen-bonded cocrystals and stoichiometric variations.
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